Ruptured pea (Pisum sativum cv. Massey Gem) chloroplasts exhibited ascorbate peroxidase activity as determined by H202-dependent oxidation of ascorbate and ascorbate-dependent reduction of H202. The ratio of ascorbate peroxidase to NADP-glyceraldehyde 3-phosphate dehydrogenase activity was constant during repeated washing of isolated chloroplasts. This To date, detailed studies on the mechanism(s) of 02 evolution coupled to H202 reduction have not been presented. Here, we report such studies using ruptured chloroplasts. Reaction 5 is also consistent with catalase activity. Although catalase is predominantly a peroxisomal enzyme (13), residual catalase activity is invariably associated with isolated chloroplast preparations (1). Accordingly, evidence is presented which excludes the possibility that catalase activity is involved in the operation of reaction 5 in ruptured chloroplasts, in the light.
Illuminated chloroplasts reduce 02 to H202 in a light-dependent reaction (20) involving superoxide as an intermediate (4, 10, 13) . Halliwell and Foyer (14) have proposed that the H202 produced in this way is reduced indirectly by NADPH in a reaction sequence involving glutathione and ascorbate as intermediate electron carriers as follows: hv 2H20 + 2NADP -_ 2NADPH + 2H + 02 (1) 2NADPH + 2H+ + 2GSSG --4GSH + 2NADP (2) 4GSH + 2DHA --2GSSG + 2Ascorbate (3) 2Ascorbate + 2H202 --2DHA + 4H20
hv 2H202-* 2H20 + 02
'Supported by a grant from the Australian Research Grants Committee. A number of lines of evidence support this proposed reaction sequence: (a) chloroplasts contain a light-coupled glutathione reductase (reactions 1 + 2) (15); (b) GSH dehydrogenase, catalyzing reaction 3, occurs in chloroplasts ( 16) ; (c) ascorbate peroxidase, catalyzing reaction 4, also occurs in chloroplasts (12) ; however, reactions 3 and 4 may also proceed nonenzymically (I 1, 12); and (d) illuminated chloroplasts, under specific conditions, can reduce I mol of H202 with the concomitant evolution of 0.5 mol of 02 ( 
21) (reaction 5).
To date, detailed studies on the mechanism(s) of 02 evolution coupled to H202 reduction have not been presented. Here, we report such studies using ruptured chloroplasts. Reaction 5 is also consistent with catalase activity. Although catalase is predominantly a peroxisomal enzyme (13) , residual catalase activity is invariably associated with isolated chloroplast preparations (1) . Accordingly, evidence is presented which excludes the possibility that catalase activity is involved in the operation of reaction 5 in ruptured chloroplasts, in the light.
MATERIALS AND METHODS
Chemicals. Chemicals were obtained from the sources described previously (16) . H202 and t-butyl hydroperoxide concentrations were determined by titration with standardized KMnO4. The GSH contained 6% GSSG (16) .
Chloroplast Preparation. Unwashed, sonicated, or osmotically shocked chloroplasts were prepared as described previously (15, 16) from pea seedlings (Pisum sativum cv. Massey Gem). In the studies reported here, the unwashed chloroplasts were repeatedly washed (4 times) with a washing medium (16) before resuspension in incubating medium containing 0.33 M D-sorbitol, 50 mM Hepes, I mM MgCl2, I mm MnCl2, 2 mm Na2EDTA, and 0.1% (w/v) BSA adjusted to pH 7.6 with KOH. This medium was used in all assays.
Chloroplast extracts were obtained by centrifugation (20, Enzyme Assays. Ascorbate peroxidase activity was determined by two methods in which conditions for all assays were chosen so that the rate of reaction was constant in the time used and proportional to the amount of protein added (protein content equivalent to 40 jig Chl/ml for both methods). Method I: ruptured chloroplasts were preincubated for 5 min at 25°C in the dark in incubating medium containing 2 mm ascorbate. The reaction was initiated by the addition of H202 to yield a final concentration of 1 mm. The total volume of the reaction was 1 ml. At designated times, samples (0.2 ml) were removed and analyzed for ascorbate. Enzyme activity was corrected for controls lacking H202 and ruptured chloroplasts. Method 2: these assays were performed as in method 1 except that the reaction was initiated by the addition of H202 to yield a final concentration of 0.4 mm. The reaction proceeded for I min after which the remaining H202 was determined polarographically (12) following the addition of excess catalase (2,000 units). Enzyme activity was corrected for controls lacking ruptured chloroplasts. Enzyme activity determined by method 1 was generally 30% less than for method 2. Catalase activity was determined as described previously (16) except for the use of incubating medium, 4 mm H202 and sonicated chloroplasts (200 jig Chl). Monodehydroascorbate reductase activity was determined as in Marre and Arrigoni (19) . NADP-specific G-3P dehydrogenase, GSSG reductase, and GSH dehydrogenase (method 1) were determined at 25°C as described in Jablonski and Anderson (16) . Peroxidase activity with GSH and pyrogallol as electron donors were determined at 25°C as in Jablonski and Anderson (15) and Chance and Maehly (6) sibility that catalase activity is involved in light-plus-H202-dependent 02 evolution in the presence of GSH and ascorbate. The failure of NaN3 (0.1 mm) to significantly inhibit light-plus-H202-dependent 02 evolution is also consistent with this view. To avoid interference from catalase activity associated with washed chloroplasts, the ascorbate requirement for light-plus-H202-dependent 2 evolution was studied in the presence of 0.) mm NaN3
In the absence of ascorbate, neither the first nor second phase of light-plus-H202-dependent 02 evolution occurred, although m2 evolution commenced at slow rates (2.7 mol/mg Chl-ah) after a lag phase of 1.5 min. However, this reaction ceased after the evolution of 26 nmolof 02/ml. This activity was attributed to the reduction of GSSG produced by the nonenzymic oxidation of inhibit GSSG reductase (14, 16) , had no significant effect on the first phase of light-plus-H202-dependent 02 evolution, but the second phase was generally completely inhibited. This occurred when either GSH or GSSG was used as the source of glutathione. Collectively, the properties of the second phase of light-plus-H202-dependent 02 evolution imply that H202 serves as the terminal electron acceptor in this system and that glutathione, through the action of glutathione reductase, acts as an intermediary electron carrier. This is also supported by the following studies in which the oxidation of ascorbate was monitored during light-plus-H202-dependent 02 evolution.
Relation between Light-plus-H202-Dependent 02 Evolution and the Oxidation of Ascorbate by Sonicated Chloroplasts. In the presence of 50 /iM NADPH, 2 mm ascorbate, and I mM H202, sonicated chloroplasts oxidized ascorbate in the dark in the absence of GSH ( Fig. 2A) . Upon completion of the reaction (after 15 min), 0.94 mol of ascorbate was oxidized per mol of H202 supplied (reaction 4). The ascorbate concentration was unaffected by a subsequent period of illumination ( Fig. 2A) , but following addition of 2 mm GSH (dark, Fig. 2C; or light, Fig. 2D ) the ascorbate concentration was restored to 87% of the initial concentration; the reaction in the light was associated with 0, evolution. ZnC12 (0.2 mM) did not affect the restoration of the ascorbate concentration either in the light or dark but, in the light, 02 evolution was inhibited by 86% (results not shown). When 2 mM GSH was added prior to H202, the addition of I mm H202 in the light initiated rapid oxidation of ascorbate for a brief period (26% decrease in I min), after which the ascorbate concentration was restored (results not shown). A similar response was observed in the dark and was unaffected by 0.2 mm ZnCI2. Collectively, these data are consistent with the oxidation of ascorbate by H202 and reduction of the DHA so formed by GSH. In the light, the GSSG formed in the latter reaction is reduced using water as electron donor, thus resulting in 02 evolution. Studies using GSSG as the source of glutathione support this possibility; the concentration of ascorbate, which decreased after addition of H202, was restored by light (but not in the dark) in the presence of 0.4 mm GSSG (Fig. 2E) . ZnCI2 (0.2 mM) inhibited both 02 evolution and the reformation of ascorbate. When relatively low concentrations of GSSG or GSH were supplied (40 to 100 UM), the ratio of 02 evolved: GSSG (or 2GSH) supplied exceeded 1.0 (cf. sum of This value is much less than the ratio predicted by reaction 5. When sonicated chloroplasts were incubated with 1 mM DHA and 2 mm GSH in the dark, the DHA was reduced to ascorbate. Subsequent addition of 1 mm H202 caused rapid oxidation of 62% of the ascorbate. When the experiment was performed in the light, however, only 16% of the ascorbate was oxidized. Accordingly, the effect of light and several metabolites on the ascorbate peroxidase activity of sonicated chloroplasts was examined (Table  IV) . Pretreatment for 10 min in the dark decreased enzyme activity by 30%, but the activity decreased by 67% in the light. The activity of chloroplasts incubated in the light for 10 (Table V) .
DISCUSSION
The properties of the H202-dependent oxidation of ascorbate and ascorbate-dependent reduction of H202 catalyzed by sonicated pea chloroplasts are consistent with those of ascorbate peroxidase activity. The activity was associated with intact chloroplasts as instanced by the large increase in activity following rupture of intact chloroplasts (Table I) and the essentially constant ratio of NADP-specific G-3P dehydrogenase to ascorbate peroxidase activity during a series of washes (Table II) . The inhibition of activity by KCN, NaN3, and 8-hydroxyquinoline suggests that the pea chloroplast enzyme contains a metal ion as reported for a number of other peroxidase enzymes (8) . The pH optimum and Km for ascorbate were similar to those described for the spinach enzyme (12) . However, the pea chloroplast activity was not observed in the presence of pyrogallol nor enhanced by pyridine nucleotides as reported for the ascorbate peroxidase from E. gracilis (23) and spinach (24) , respectively.
The properties of the second phase of light-plus-H202-dependent02 evolution catalyzed by sonicated chloroplasts are consistent with the operation of light-coupled GSSG reductase sequentially coupled to GSH dehydrogenase and ascorbate peroxidase. This is exemplified by the absolute and specific requirement for ascorbate, H202, glutathione, NADP(H), and light for light-plus-H202-dependent 02 evolution. Although some light-plus-H202-dependent 02 evolution was observed in the presence of GSH and NaN:i in the absence of ascorbate, no evidence was found to suggest that chloroplasts support H202-dependent oxidation of GSH in a reaction analogous to that catalyzed by GSH peroxidase from animal sources. The following observations establish the sequence of reactions I to 4. In the absence of GSH, the oxidation of ascorbate in the presence of H202 was independent of light ( Fig.  2A) ; addition of GSH initiated reformation of ascorbate (reaction 3) independently of light (Fig. 2C) . 02 evolution ensured only during the light (Fig. 2D) . When GSSG was used as the source of glutathione, both 0, evolution and reformation of ascorbate were light-dependent (Fig. 2E) Fig. 2A; reaction 4) , and GSH oxidized: H202 supplied in the dark ( Fig. 3 ; reactions 3 and 4) agree well with the stoichiometries described by equations 1 to 5 and imply that H202 is the eventual electron acceptor in this sequence.
The studies reported in this paper imply that ascorbate could act as a physiological reductant of the H202 produced through light-dependent 02 reduction (5, 10, 20) . The rate of light-dependent H202 production by osmotically shocked spinach chloroplasts has been estimated at 5.5 ,umol/mg Chl-h (25) . The mean rate of ascorbate peroxidase activity associated with sonicated pea chloroplasts was 460 .tmol/mg Chl. h (method 1). Assuming that the rate of H202 production in pea and spinach chloroplasts is similar, then ascorbate peroxidase activity would be sufficient to prevent H202 accumulation in pea chloroplasts. The rate of H202 reduction by reaction sequence 1 to 4 would ultimately depend on the rate of glutathione reduction. Since the mean rate of glutathione reductase activity associated with sonicated pea chloroplasts was 29 jtmol/mg Chl-h, the operation of reactions I to 4 would be sustained under these conditions. Collectively, the data are consistent with reactions 1 to 4 for the reduction of H202 in chloroplasts and suggest that each reaction involves an enzyme-dependent process(es). In combination with chloroplast superoxide dismutase (5, 17) , the scheme affords a mechanism for the detoxification of intermediates of 02 reduction. This is of special relevance to C02 assimilation since H202 accumulation in chloroplasts in the light inhibits the light-activated enzymes involved in -S-S-/-SH activation mechanisms (18) . The operation of reactions I to 4 would prevent inhibition of C02 reduction, particularly at low light intensities and during the induction phase of C02 reduction.
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